Microbes release extracellular polymeric substances during metabolism of organic matter, which accumulate to bind particles and increase soil aggregation. On a large scale, hydraulically dredged sediment can be amended with polymer and deposited on subsiding marshes, where the polymer stabilizes the sediment until marsh plants become established. However, adding a simple C source to the soil can potentially aff ect microbial activity. Th is study determined the eff ect of addition of two commercially available natural polymers (xanthan gum and guar gum) on microbial biomass and activity in three types of hydraulically dredged sediments (clay, silty clay, and sandy loam) saturated under a range of salinity regimes (1. 49 and 7.46, 7.46 and 14.9, and 22.4 and 37 .3 mS cm −1 , respectively) for four time periods (1, 8, 16, and 26 wk) . Th e CO 2 evolved in response to added polymer suggests that microbial communities rapidly degraded the polymers. Addition of polymers provided a readily available source of C that induced a priming eff ect on the microbial biomass leading to increased activity. Microbial activity accelerated to a much greater rate than background (control) respiration, resulting in up to an 8.7-fold increase in loss of native soil C beyond degradation of the added polymer C. Th erefore, polymer additions to stabilized sediments led to a signifi cant increase in native soil C loss with a concomitant decrease in soil quality.
Abbreviations: CEC, cation exchange capacity; EPS, extracellular polymeric substance; becomes the platform on which the marsh plants become established and accrete organic matter (DeLaune and White, 2011) .
Organic matter decomposes at a signifi cantly lower rate under anaerobic fl ooded conditions than in aerobic soils (DeBusk and Reddy, 2003; White and Reddy, 2001 ) and may aid in aggregation. Th e ability of soil aggregates to remain stable when fl ooded depends on available organic materials (Tisdall and Oades, 1982; Martens and Frankenberger, 1992) . Organic matter provides a substrate for microbial production of extracellular polymeric substances (EPS). As soil organisms decompose organic materials, microbial secretions bind soil particles and small organic particles together (Tiessen and Stewart, 1988; Zhang et al., 2005) . Higher microbial activity leads to greater EPS production, which leads to greater aggregation as EPS trap soil particles (Zhang et al., 2005) . Even aft er microbial growth decelerates, microbial byproducts remain in the soil and continue to aggregate soil particles (Martens and Frankenberger, 1992) . As the EPS content of intertidal soils increases, critical erosion velocity also increases, suggesting that these microbial secretions may increase sediment cohesiveness and sediment stability (Widdows et al., 2006) . Polymeric substances are C compounds that exist naturally in soil, however, and undergo molecular and morphological changes over time, thus increasing the degradation rate by the microbial pool (Ratajska and Boryniec, 1998) . Th e polymeric material unfolds, which increases the particle surface area to volume ratio available for microbial activity.
To further understand the infl uence of commercially available natural polymers on sediment stability, a separate component of the overall study included an engineering study that investigated the interactions between natural polymer solutions (i.e., xanthan gum and guar gum) and research-grade pure kaolinite clay (Nugent et al., 2009) . At higher biopolymer concentrations in pore fl uid, the liquid limit of kaolinite increased as solution viscosity increased (Nugent et al., 2009) . In general, since undrained shear strength of a soil depends on moisture content, the polymers' eff ect of increasing the liquid limit of clays should inherently increase the undrained shear strength of an amended soil.
Th is study focused on the impact of natural polymers on microbial activity in hydraulically dredged sediments. Measures of microbial biomass and respiration rates provide insight about the activity of microbial communities in soils and sediments. Microbial biomass defi nes the microbial component of soil that contains both active and dormant microbial life stages (Sparling et al., 1985) . Respiration rates represent the physiologically active component of the biomass since only microbes in the active life stage respond to substrate addition or nutrient input (Sawada et al., 2008) . Physical properties such as structure and texture of soil infl uence size of the microbial community. Clay soils, compared with sandy soils, have a greater capacity for retaining C in the soil organic matter component because the C is protected in smaller pore spaces (Van Veen and Kuikman, 1990) . In addition, soils with higher clay content have enhanced biomass retention aft er substrate addition for the following reasons: lower turnover rate of microbial products, increased retention of microbial biomass and organic matter, and increased nutrient adsorption (Wardle, 1992) . Th is study determined the eff ect of two commercially available natural polymers (xanthan gum and guar gum) on microbial biomass and activity in three types of hydraulically dredged sediments (clay, silty clay, and sandy loam) saturated under three salinity regimes (1.49 and 7.46, 7.46 and 14.9, and 22.4 and 37.3 mS cm −1 ) for four time periods (1, 8, 16, and 26 wk) . Th e two polymers are potential sources of hydrolyzable C substrate that may be available for microbial degradation.
MATERIALS AND METHODS

Sediment Sample Locations
Sediment was collected at three sites in southern coastal Louisiana (Fig. 1) . Bayou Chevreuil represents a freshwater site containing sediment with high clay content. Leeville represents an intermediate salinity site containing sediment with moderate clay content. Grand Isle represents a marine site with predominantly sandy sediment.
Sediment Characterization
Th e sediment was passed through a 0.635-cm sieve to remove large plant debris. To homogenize the sediment, an electric drill attached to a paint mixer was used for 5 min in the forward direction and 5 min in the reverse direction to form a slurry similar in consistency to that produced from hydraulic dredging. Th e sediments were stored at 4°C for 7 mo while preliminary tests and sediment characterization were conducted. All three sediments were characterized for the following properties: moisture content, organic matter content, redox potential, pH, soil salinity, cation exchange capacity, and particle-size distribution. For moisture content, three subsamples of each sediment type were dried at 105°C until a constant weight was reached. Percentage of moisture content was calculated on a wet weight basis. Organic matter content was determined by the loss-on-ignition method (Nelson and Sommers, 1996) .
For redox potential, platinum-tipped electrodes were cleaned and tested as described by Patrick et al. (1996) . Platinum electrodes were inserted into sediment samples and used in conjunction with a calomel reference electrode to obtain a reading in millivolts (E c ). Th e values were then corrected to a standard hydrogen reference electrode (E h ). For soil pH, a calibrated combination pH electrode with a Ag/AgCl reference electrode was used (Th omas, 1996) . For soil salinity, soil pore water was collected by centrifuging fi eld moist sediment in a Fisher Scientifi c accuSpin 3/3R centrifuge (at 3000 × g for 15 min). Th e supernatant was then analyzed for salinity with an Accumet AB30 conductivity meter (Rhoades, 1996) .
Cation-exchange capacity (CEC) was determined by the unbuffered salt extraction method according to Sumner and Miller (1996) . All three sediments were saturated with 0.2 mol L −1 NH 4 Cl, washed with deionized water, and saturated with 0.2 mol L −1 KNO 3 to displace the NH 4 + . Th e extracted supernatant was analyzed for exchangeable NH 4 + (USEPA-103-A Rev. 4; United States Environmental Protection Agency, 1993) using a SEAL AQ2 + automated discrete analyzer (Seal Analytical, Mequon, WI). Particle-size distribution and textural class were determined by the hydrometer procedure (White et al., 2009b) . Sediments were pretreated to remove carbonates and soluble salts using sodium acetate, organic matter using hydrogen peroxide, and free iron oxides using citrate-bicarbonate, sodium dithionite, and sodium chloride. Values from hydrometer readings were used to determine the proportion of sand, silt, and clay in all three sediments (Patrick, 1958) .
Polymers
Th e polymer treatments included two natural polymers (xanthan gum and guar gum) that are commercially available (Table 1) . Xanthan gum is an extracellular polysaccharide produced by the bacterium Xanthomonas campestris (Kim et al., 2006) . Guar gum is extracted from the seed of a guar gum plant, a leguminous shrub known as Cyamopsis tetragonoloba (Kim et al., 2006) . Polymer powder blended with water of varying salinities resulted in xanthan gum and guar gum polymer solutions made to concentration levels of 1 and 2% by weight.
Experimental Design
Th e experimental units were polyethylene cups with a capacity of 450 mL. Th e units contained 350 g of fi eld moist sediment mixed with 175 g of 1 or 2% (w/w) polymer solution. Th e 2:1 sediment/polymer ratio resulted in fi nal concentrations of polymer at 0.5 and 1% by weight. Control experimental units (i.e., sediments with no polymer amendment) received 175 mL of water of the appropriate salinity. Two diff erent salinity solutions were applied to all experimental units for each sediment to simulate in situ salinity ranges. Salinity treatments were 1.49 and 7.46 mS cm −1 for the freshwater sediment, 7.46 and 14.9 mS cm −1 for the intermediate sediment, and 22.4 and 37.3 mS cm −1 for the marine sediment.
A randomized block design was implemented to evaluate how several dependent variables were aff ected by sediment type (i.e., sampling location), salinity, polymer type, and polymer concentration over four time periods: 1, 8, 16, and 26 wk. Response variables measured included redox potential, microbial biomass C, and microbial respiration rates. Each treatment was prepared in triplicate, which was the basis for the block design. Th ere were 432 total experimental units (3 sediment types × 2 salinities × 2 polymers × 3 concentrations × 4 time periods × 3 replicates). Each block contained 144 experimental units, which allowed all treatment combinations to be present in three diff erent trials.
A Barnstead Max-Q 2508 reciprocating shaker (Barnstead International, Dubuque, IA) was used to mix each sediment-polymer combination and each control unit. With a fi xed circular orbit of 1.2 cm, each experimental unit shook at the maximum setting (400 rpm) for 15 min. Th en, each mixture was poured into the 450-mL opaque polyethylene cups and set on the lab bench before being analyzed at predetermined time points (i.e., the end of 1, 8, 16, or 26 wk). All experimental units remained uncovered for the designated time period and were kept in the lab at a steady temperature of 20°C. Th e experimental units were exposed to daily light regimes with all lab lights on for 12 h per day. For the duration of each time period, decanting of any remaining supernatant fl uid and refl ooding with water of the appropriate salinity took place every 8 to 10 d to maintain anaerobic fl ooded conditions. Destructive sampling was employed. At the end of each designated time period, redox potential was measured. Th en, the samples were stored for a maximum of 3 d at 4°C before further analysis.
Microbial Biomass Carbon Determination
Chloroform fumigation extraction (Vance et al., 1987) , as modifi ed by White and Reddy (2001) , was conducted to determine the pool of microbial biomass C in each sample at each time point. From each experimental unit, two samples (one designated as fumigate [F] and one designated as non-fumigate [NF]) were weighed out into 25-mL centrifuge tubes. For every 10 experimental units, both F and NF samples were represented in triplicate to have a set of triplicates present for each vacuum fi ltration. All F samples were exposed to chloroform fumes for 24 h in a vacuum desiccator. Twenty-fi ve milliliters of K 2 SO 4 extractant were added to each tube and placed on a reciprocating shaker for 30 min (Malecki-Brown and White, 2009). Samples were centrifuged in a Fisher Scientifi c accuSpin 3/3R centrifuge (Th ermo Electron Corp., Marietta, GA) at 3450 × g for 10 min. Aft er centrifugation, the supernatant was immediately fi ltered (Whatman 42 fi lter paper) by vacuum fi ltration. Samples were analyzed for total organic C on a Shimadzu TOC-V series carbon analyzer (Shimadzu, Kyoto, Japan).
Th e microbial biomass C underwent a correction according to Vance et al. (1987) , using a K EC of 2.70 (Sparling et al., 1990) .
Microbial Basal Respiration Measurements
One week aft er the start of the experiment, 5 g of sediment from each experimental unit with the 1 wk time treatment were weighed into 60-mL glass serum bottles (total of 108 samples). Ten milliliters of water were added, and the bottles were sealed with a rubber septa and aluminum cap. Headspace gas was removed to −68 kPa with a vacuum pump then fl ushed with 99.9% pure N 2 gas for 5 min. Bottles were maintained at a temperature of 25° C for the duration of the study.
Aft er 35 d of incubation, the pressure of each serum bottle was measured using a SPER Scientifi c Manometer (SPER Scientifi c, Scottsdale, AZ). Gas samples were then withdrawn (either 50 or 100 μL) and analyzed for CO 2 on a Shimadzu gas chromatograph GC-2012 (thermal conductivity detector at 160°C; packed Poropak N column [6 ft ; 80/100 mesh] with an oven temperature of 80°C). Gas samples were withdrawn and analyzed every 10 d from Day 35 to Day 125, which was determined as the period of peak CO 2 evolution. Moles of CO 2 were determined using the ideal gas law and moles of CO 2 were converted to g CO 2 -C kg −1 dry sediment (DeBusk and Reddy, 2003) .
Statistical Analyses
SAS 9.1 soft ware (2009) and SigmaPlot 11.0 soft ware (2008) were used to analyze and plot the data. For redox potential, microbial biomass, and microbial respiration, a simple 5-way ANOVA was conducted. Aft er a test of Type III fi xed eff ects with a Tukey adjustment, least squares means analysis was evaluated to look for diff erences between any significant eff ects for all dependent variables. An α value of 0.05 was used for all analyses. All presented p values represent results of least-squares means analysis (Tables 2, 3 , and 4). Numerical results are given as the mean ± standard error. All error bars represent standard error. For all analyses, salinity and polymer type were not found to be signifi cant; therefore, all values for diff erent salinity levels and polymer types were combined. Organic matter, clay content, microbial biomass, and redox potential values were correlated using Pearson Product Moment correlations.
RESULTS
Sediment Characterization
Th e three sediments had unique characteristic properties (Table 5 ). In the case of the marine sediment, primarily an inorganic sediment with <2% (by weight) organic matter, we would expect a higher redox potential than the more organic-rich fresh- water and intermediate sediments. However, we suggest that hurricane eff ects may have played a role. Th e marine sediment had a visible layer of 1-to 2-cm fresh organic material from the neighboring wetlands deposited at the surface from recent hurricane storm surge. Th is available organic material likely led to the lower than expected measured redox potential values. Th is sediment also exhibited a noticeable hydrogen sulfi de odor indicating strongly reducing conditions consistent with our readings.
Redox Potential
Th e presence of a polymer did have a signifi cant eff ect on redox potential for the intermediate and marine sediments (Fig. 2) . For the control samples, the redox potential values for all three sediments across time periods were not signifi cantly diff erent, with values of 16, −22, and −12 mV for the freshwater, intermediate, and marine sediments, respectively. In general, the redox potential for the freshwater sediment was signifi cantly higher (i.e., more positive) than the redox potential for the intermediate and marine sites for Weeks 1, 8, and 16 (P < 0.0001, Fig. 2) . Th e redox potential values for the intermediate and marine sediments were not significantly diff erent from each other at any time period. Redox potential of the freshwater sediment amended with a polymer was not significantly diff erent from redox potential of the control samples. Th e redox potential decreased in the fi rst 8 wk of the experiment, which was followed by a signifi cant increase by Week 16 (P = 0.0075).
Th e presence of a polymer did signifi cantly aff ect redox potential values for both the intermediate and marine sediments compared with control samples (P < 0.0001, Fig. 2) . Th e redox potential values for the two concentration levels were not significantly diff erent from each other. For the intermediate sediment, the redox potential values for samples with polymer decreased to −180 ± 15.9 mV by Week 8, followed by a signifi cant increase by Week 26 (P = 0.0020). Th ese values were signifi cantly lower than the average redox potential value of −22 ± 12.7 mV for the intermediate control sediment (P < 0.0001). For the marine sediment, the redox potential values for samples with polymer decreased to −176 ± 10.3 mV by Week 8, followed by a significant increase by Week 26 (P < 0.0001). Th ese values were significantly lower than the average redox potential value of −11.5 ± 13.4 mV for the marine control sediment (P < 0.0001). 
Microbial Biomass
Th e presence of a polymer had no signifi cant eff ect on the pool of microbial biomass C (MBC). Th e freshwater sediment had the highest amount of MBC with an average value of 12.8 ± 0.345 g C kg −1 dry sediment (Fig. 3) . Th e intermediate sediment had an intermediate amount of MBC averaging 7.74 ± 0.247 g C kg −1 dry sediment. Th e marine sediment had the lowest amount of MBC with an average value of 4.76 ± 0.114 g C kg −1 dry sediment. Th e values are within the range seen in other studies (White and Reddy, 2000; Malecki-Brown et al., 2007; Corstanje and Reddy, 2004) .
For the freshwater and intermediate sediments, the MBC signifi cantly increased by Week 16 (P < 0.0001). For the marine sediment, MBC peaked in Week 8; the increase by Week 26 was not signifi cant. Th e MBC at Week 8 was signifi cantly higher than the MBC at Week 1 (P = 0.0001) and Week 16 (P = 0.0133).
Microbial Basal Respiration
Th e 1% (w/w) polymer treatment did have a signifi cant eff ect on basal respiration rates. In general, the freshwater sediment had the highest respiration rates, followed by the intermediate and the marine sediments. Th e total cumulative amounts of respiration for the control samples were 25.8, 12, and 4.33 g CO 2 -C kg −1 dry sediment for the freshwater, intermediate, and marine sediments, respectively.
For all three sediments, on any given day of measurement, the microbial respiration with 1% polymer was signifi cantly greater than the control samples (P < 0.0001, Fig. 4) . In general, for each sediment type, the respiration rate from the 0.5% (w/w) polymer was not signifi cantly diff erent than the control samples. For the freshwater and intermediate sediments, the samples with 1% polymer had a signifi cantly greater respiration rate than the samples with 0.5% polymer (P < 0.0001).
Generally, respiration of 50% of C input indicates complete degradation of the material while the remaining C is assimilated into biomass (Shen and Bartha, 1996) . At the 0.5% concentration level, the microbial respiration in the freshwater sediment was signifi cantly greater than for the intermediate (P = 0.0037) and marine sediments (P < 0.0001). At the 1% concentration level, the respiration for all three sediments was signifi cantly different from each other (P < 0.0045).
Results suggest that the microbial consortia in all three sediments completely degraded the added polymer (Fig. 5) . At the 0.5% polymer concentration level, microbes increased respiration to 6.6-, 4.6-, and 8.0-fold more C than added as polymer for the freshwater, intermediate, and marine sediments, respectively (Table 6 ). At the 1% polymer concentration level, microbes increased respiration to 8.4-, 7.4-, and 8.7-fold more C than added as polymer for the freshwater, intermediate, and marine sediments, respectively. Th ese results suggest a priming eff ect in which the polymer stimulates microbial activity thereby increasing the catabolism of the native soil organic C pool. Th e term priming eff ect describes accelerated decomposition of soil organic matter aft er addition of some other organic material (Fontaine et al., 2003) .
DISCUSSION
For all sediments, the polymer immediately increased microbial activity as evidenced by lower redox potential values and higher respiration rates compared with controls. Furthermore, redox potential values continued to decrease in the fi rst 8 wk. Even though the polymer was metabolized, soil microbes continued to maintain an increased C mineralization rate.
Th e polymer additions did not significantly aff ect MBC, but the MBC pool size increased over time regardless of soil type. Th e MBC signifi cantly correlated with organic matter content for each sediment type as seen in other studies (White and Reddy, 1999; D' Angelo and Reddy, 1999 ) with a Pearson Product-Moment coeffi cient value of 0.68 (P < 0.0001). For example, the freshwater sediment had the highest MBC and the highest organic matter content whereas the marine sediment had the lowest MBC and the lowest organic matter content. Th e microbial community metabolized additional C and assimilated it into the biomass pool. For both the freshwater and intermediate sediments, microbial biomass increase was sustained over 16 wk, possibly because those sediments had higher soil organic matter content. In the marine sediment, the biomass reached a peak by Week 8 but then decreased for the rest of the study, likely due to the lower organic matter content of the sediment.
Th e cumulative amount of respiration indicates that more C was metabolized than was added from the polymer. Aft er removing the polymer C, microbial communities continued to respire at an accelerated rate. Th e percentage of respiration over the control samples indicates that additional C substrates from the soil organic matter component were metabolized aft er the polymer was degraded (Table  6 and Fig. 5 ). For the freshwater sediment with the 0.5% polymer, an additional 114% respiration above the control and the added polymer led to the loss of 29.5 g C kg −1 dry soil. For the freshwater sediment with the 1% polymer, the number increases to 309% respiration above the control and the polymer, resulting in the loss of 79.7 g C kg −1 dry soil. For the intermediate salinity sediment, the samples with 0.5 and 1% polymer had 141 and 451% greater respiration above the control and the added polymer. For the marine sediment, the samples with 0.5 and 1% polymer had 347 and 763% greater respiration above the control and the added polymer. Th e additional percentage of respiration on samples with polymer increases from the freshwater to the intermediate to the marine sediment. Even though the marine sediment had the greatest percentage of respiration above the control, the freshwater sediment still had the greatest loss of soil C in g C kg −1 dry soil.
While this manuscript focuses on the eff ects of polymer additions on microbial processes, eff ects of the three sediment types, salinity levels, polymer types and addition rates on soil aggregation were also evaluated (Land, 2010) . None of the independent variables had a signifi cant eff ect on aggregation. Aft er considering the conclusions from the lab-based engineering study done as a separate component of the overall study (Nugent et al., 2009) , several potential reasons explain why the polymer solutions were not eff ective at increasing stability of actual dredged sediment from the fi eld. In Nugent's study, polymer impacts on soil stability were determined by the use of pure kaolinite clay with 89% clay content. At a fi eld site with naturally heterogeneous sediments, environmental variables such as high moisture, highly variable clay content, mixtures of clay minerals, presence of organic matter, and microbial communities promote abiotic and biotic variability. Results suggest that the polymer was metabolized very quickly at the beginning of the experimental timeline. Reasons for such a quick metabolism of the polymers relate to increased microbial activity in the sediments and perhaps because both xanthan gum and guar gum are water-soluble, which increases their availability to microbes when mixed with saturated sediments. Relatively high levels of polymer addition caused an increase in the active component of the microbial biomass. Two possible sources for the increase in respired CO 2 include mineralization of soil organic C or mineralization of secreted microbial by-products and microbial biomass turnover. In either case, metabolism of these materials removes organic material from the sediment that might otherwise lead to aggregation of soil particles and improved soil quality for plant growth. Th e use of natural polymers to stabilize hydraulically dredged sediments stimulates growth of the microbial community and induces a priming eff ect, which leads to increased mineralization of natural organic matter and higher concentrations of released CO 2 . While the addition of natural polymers did not negatively aff ect microbial activities in sediments, the polymers may have been decomposed so quickly that they did not contribute to the processes of soil aggregation under the conditions imposed in this study (Land, 2010) .
CONCLUSIONS
Th e addition of two natural polymers (xanthan gum and guar gum) provided an additional source of microbially available organic C that induced a priming eff ect on the microbial biomass and consequently did not contribute to increased sediment aggregation. As much as a sevenfold increase in microbial activity over the control resulted in a loss of up to 8.7 times more native soil C than the control. Consequently, the addition of these polymers will lead to increased wetland loss as the soil C is converted to CO 2 , at least over the short-term. To increase stability of hydraulically dredged sediments, an amendment that is not water-soluble and that resists microbial decomposition might provide a more eff ective substrate than the two natural, watersoluble polymers studied here. Additionally, an amendment that does not stimulate microbial activity would be preferred to avoid increased loss of soil C and to prevent contributing to CO 2 concentrations in the atmosphere. Further research is needed to investigate the interactions between synthetic polymers and fully saturated sediments.
